Article focus {#s1}
=============

-   We present the distribution and frequency of fracture lines for 766 tibial plateau fractures (TPFs) using the 3D heat mapping technique.

-   The rationality of several classifications could be discussed according to the 3D distribution of fracture lines.

Key messages {#s2}
============

-   The distribution of fracture lines was not only dependent on the injury energy or mechanism, but was also distinctly related to the anatomical features of the proximal tibial area.
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-   The newly proposed intermedial column in four-column and nine-segment classification without cartilage coverage should be taken seriously.

Strengths and limitations {#s3}
=========================

-   The primary limitation is that the injury mechanism and the displacement of fragments of TPFs were neglected due to the virtual reduction procedure.
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-   This is the first time that the fracture lines of massive TPFs (more than 700) have been delineated in detail.

Introduction {#s4}
============

Tibial plateau fractures (TPFs) are complex injuries around the knee caused by high- or low-energy trauma. The treatment strategy for TPF is often unclear due to the various possible fracture patterns and unsatisfactory outcomes.^[@b1]-[@b3]^ A better understanding of the fracture line distribution and morphological features of major fragment is vital for therapeutic decision-making.^[@b4]^ Fracture classification, including a simplified summary and fracture mapping, can help surgeons better comprehend, document, and communicate information about fractures. Based on plain radiography, early-stage classification systems (Hohl and Moore, Schatzker 1974, Orthopaedic Trauma Association/AO Foundation (OTA/AO) 2007) have played a crucial role in guiding surgical treatment during the past decades.^[@b5]-[@b8]^ Due to the limitations of the technology, 2D classifications have apparent disadvantages in the identification and detailing of posterior fragments. With the advent of CT, novel classifications facilitated the understanding of TPF via a 3D approach. Luo et al^[@b9]^ proposed the three-column (medial, lateral, and posterior columns) concept (Luo classification), whereas Chang et al^[@b10]^ divided the upper surface into four quadrants.^[@b9]-[@b11]^ Other systems proposed the precise division of tibial plateau into eight, ten, or nine segments.^[@b12]-[@b14]^ Furthermore, the frequently used OTA/AO and Schatzker classifications added the axial plane subtypes in 2018.^[@b15],[@b16]^

In addition, Yao et al^[@b17]^ established a CT-based 'four-column and nine-segment' classification (Yao classification), and proposed a new intermedial column concept (containing the tubercle area, bare area, and anterior/posterior cruciate ligament (ACL/PCL) insertion area).^[@b17]^ This new classification covered the entire bony structure of the proximal calves, highlighted the crucial ligament insertion, and enabled the clear definition of injury types for each column/segment. Although the Yao classification appears to be the most detailed system thus far, we believe that the fracture line distribution can be described more precisely and visually.

Traditional classifications describe the fracture characteristics in a rough and abstract manner using text documentation. In contrast, the heat mapping technique can clearly and intuitively indicate the distribution and frequency of fracture lines. This imaging technique has been newly developed, and is being widely used in irregular bone or the ends of long bone.^[@b18]-[@b20]^ Molenaars et al^[@b21]^ and Chen et al^[@b22]^ have described the single axial mapping of the tibial plateau articular surface.^[@b21],[@b22]^ However, uniplanar mapping cannot reveal extra-articular fracture line distribution - a crucial aspect for plate positioning. Superior 3D fracture line heat mapping, including steric distribution information, can facilitate decision-making with regard to the surgical approach and fixation scheme.^[@b23]^

In the present study, we aimed to define the distribution and frequency of TPF fracture lines using the 3D heat mapping technique. We hypothesized that the fracture patterns and fracture line distribution are consistent in cases of TPF. Moreover, we sought to analyze the rationalization of divisions employed by frequently used classifications based on mapping.

Methods {#s5}
=======

Subjects {#s5-1}
--------

Between December 2007 and September 2018, a total of 825 adult patients with closed fracture of the proximal tibia at the Affiliated People's Hospital of Jiangsu University, Zhenjiang, China were enrolled. Patients with isolated avulsion fractures of the ACL/PCL and patellar ligament (PL) were included, whereas 41 cases with insufficient CT information were excluded. Additional exclusion criteria included cutting, club violence, bullet wounds, bone defects, periprosthetic fractures, and pathological fractures, as well as congenital or acquired malformation of the tibial plateau. In summary, a total of 759 patients (411 males and 348 females) with 766 affected knees were included in the cohort. The mean age of these patients was 51.5 years (SD 12.9). All fractures were identified using the OTA/AO and Yao classifications. This retrospective study has been approved by the ethical committee of the Affiliated People's Hospital of Jiangsu University.

Radiological analysis {#s5-2}
---------------------

TPF patients underwent CT scanning using a Siemens spiral CT scanner (Siemens, Berlin, Germany) after injury, and raw images (1.0 mm thick slices) were transferred into Mimics 17.0 software (Materialise, Leuven, Belgium).

Fracture mapping {#s5-3}
----------------

TPF fragments were multiplanar reconstructed in Mimics and were virtually reduced. Data were subsequently exported into the 3-matic 10.0 software (Materialise), and the reconstructed fragments were rotated, normalized, and horizontally flipped, if necessary, to best match a 3D model of the proximal tibia. Smooth curves were delineated precisely on the template surface to reproduce the fracture line distribution of each TPF in 3-matic. The graphical superimposition of all fracture lines was transferred to E-3D software (Central South University, Changsha, China) and transformed into stereo fracture maps ([Figure 1](#F1){ref-type="fig"}). 3D heat maps indicated the relative frequency of fracture lines using colours (blue to red: low to high incidence).

![The method used for the mapping of tibial plateau. a) 3D image of tibial plateau fracture in CT scans. b) Major fragments were reconstructed in Mimics (Materialise, Leuven, Belgium). c) Virtual reduction. d) Reduced fragments were adjusted to match the template in 3-matic 10.0 software (Materialise). e) Fracture lines were delineated on the template.](BJR-9-258-g0001){#F1}

Data analysis {#s5-4}
-------------

Qualitative data are shown as the number (percentage) and quantitative data are expressed as the mean (SD) using SPSS v19 (IBM, Armonk, New York, USA). Analysis of fracture line mapping was descriptive.

Results {#s6}
=======

The patient characteristics and radiological classification of the TPF are summarized in [Tables I](#T1){ref-type="table"} and [II](#T2){ref-type="table"}. A total of 759 patients with 766 injured knees were included (348 women, 411 men), including 405 (53.4%) left knee injuries, 347 (45.7%) right knee injuries, and seven (0.9%) cases with bilateral injuries. Among the 759 patients, the mean age was 51.5 years (SD 12.9) and fractures are most likely to occur among patients aged 50 to 59 years ([Figure 2](#F2){ref-type="fig"}).

###### 

Patient demographics.

  Demographic                        Data (n = 759)
  ---------------------------------- ----------------
  **Mean age, yrs (SD)**             
  Male                               49.7 (12.3)
  Female                             53.7 (13.4)
  Total                              51.5 (12.9)
  **Sex, n (%)**                     
  Male                               411 (54.2)
  Female                             348 (46.8)
  Total                              759 (100.0)
  **Knees, n (%)**                   
  Left only                          405 (53.4)
  Right only                         347 (45.7)
  Bilateral                          7 (0.9)
  Total                              759 (100.0)
  **OTA/AO classification, n (%)**   
  41.A                               114 (14.9)
  41.B                               376 (49.1)
  41.C                               276 (36.0)
  Total                              766 (100.0)

OTA/AO, Orthopaedic Trauma Association/AO Foundation.

###### 

Fracture characteristics according to the four-column and nine-segment classification.

  Characteristic               Data, n (%)
  ---------------------------- -------------
  **Four columns**             
  Medial, n                    238 (31.1)
  Intermedial, n               574 (74.9)
  Lateral, n                   612 (79.9)
  Fibular, n                   237 (30.9)
  Total                        766 (100.0)
  **Nine segments**            
  a\) anteromedial segment     167 (21.8)
  b\) posteromedial segment    177 (23.1)
  c\) tubercle segment         91 (11.9)
  d\) bare area                304 (39.7)
  e\) median segment           358 (46.7)
  f\) posteromedian segment    399 (52.1)
  g\) anterolateral segment    482 (62.9)
  h\) posterolateral segment   486 (63.4)
  i\) fibular segment          237 (30.9)
  Total                        766 (100.0)

![The distribution of fractures by patient age and Orthopaedic Trauma Association/AO Foundation (OTA/AO) type.](BJR-9-258-g0002){#F2}

The OTA/AO classification of the cohort was as follows: type A, 114 (14.9%); type B, 376 (49.1%); and type C, 276 (36.0%). According to the Yao classification, the most frequently affected columns included the lateral column (612, 79.9%) and intermedial column (574, 74.9%), and the less frequently involved columns included the medial column (238, 31.1%) and fibular column (237, 30.9%). The most frequently affected segments included the posterolateral (486, 63.4%), anterolateral (482, 62.9%), and posteromedian segments (399, 52.1%). The least frequently involved segment was the tubercle segment (91, 11.9%).

3D mapping {#s6-1}
----------

All the 766 fracture lines were aggregated on a tibia template ([Figures 3a to 3e](#F3){ref-type="fig"}). On 3D heat mapping ([Figures 3g to 3j](#F3){ref-type="fig"}; Supplementary Video 1), the hot zones were mainly concentrated around the ACL insertion, PCL insertion, and the inner part of the lateral condyle that extended to the junctional zone between Gerdy's tubercle and the tibial tubercle. The densest frequency of fracture lines in the above three areas was 131 out of 766. Moreover, cold zones were scattered in the posteromedial fragment, superior tibiofibular syndesmosis, Gerdy's tubercle, and tibial tubercle.

![a) to e) Representative views of the tibia template. f) to j) 3D heat mapping superimposed with all Orthopaedic Trauma Association/AO Foundation (OTA/AO) type A to C tibial plateau fracture lines (n = 766), including the axial, front, posterior, medial, and lateral views. Red colour represents a higher frequency of fracture line density.](BJR-9-258-g0003){#F3}

Axial view {#s6-2}
----------

In the lateral articular surface, the fracture lines were concentrated on the inner part and ran from the anterior to posterior direction, with the equator dividing the lateral surface into two halves. In the intermediate column without cartilage coverage, the fracture lines were concentrated around the ACL and PCL insertion sites. The bare area was less involved, and the tibial tubercle area was a cold zone. The fracture lines in the medial articular surface were less concentrated, and fracture lines were as noted only through the middle and anteromedial area. The posteromedial fracture fragments were relatively intact ([Figure 3f](#F3){ref-type="fig"}).

Surrounding view {#s6-3}
----------------

In the anterior view, the fracture lines were concentrated on the junctional zone between Gerdy's tubercle and the tibial tubercle. Another minor fracture line originated from the lateral surface and exited inferior to the anteromedial cortex through the bare area ([Figure 3g](#F3){ref-type="fig"}). In the posterior view, the PCL insertion area was a hot zone, whereas the posteromedial fragment and superior tibiofibular syndesmosis were clearly cold zones ([Figure 3h](#F3){ref-type="fig"}). In the medial view, one major fracture line was observed, running in an anterosuperior to posteroinferior direction. Another main fracture line was noted in the middle area and divided the medial plateau into anterior and posterior parts ([Figure 3i](#F3){ref-type="fig"}). In the lateral view, the fracture line was concentrated between the superior tibiofibular syndesmosis and Gerdy's tubercle and divided the lateral plateau into two parts ([Figure 3j](#F3){ref-type="fig"}).

With regard to the particular posteromedial fragment, the mean angle between the fracture line and the posterior tibial condylar was approximately 15° to 20° in the axis view ([Figure 4a](#F4){ref-type="fig"}). The distance from the articular surface was approximately 3 cm to the fracture line compact area and 6 cm to the acute vertex ([Figure 4b](#F4){ref-type="fig"}). There was an obvious fracture line band for the inferior border of the posteromedial fragment. The band originated from the border of the PCL fovea and posterolateral margin, obliquely extended to the tibial shaft, and sharply reversed to the medial plateau ('spur' sign; [Figure 4d](#F4){ref-type="fig"}), thus indicating the presence of a classic flexion injury ([Figure 4e](#F4){ref-type="fig"}).^[@b24]^

![a) Fracture angle between the line of posteromedial fragment and the posterior condylar axis was approximately 15° to 20° in the axis view. b) The distance from the articular surface was approximately 3 cm to the fracture line compact area and 6 cm to the acute vertex. c) The recommended location of the posteromedial plate. The white circle represents the insertion of the semimembranosus. d) Fracture line band, 'spur' sign indicated the presence of a classic flexion injury, as shown by the black line. e) Specific cases of the 'spur' sign.](BJR-9-258-g0004){#F4}

Moreover, the fracture lines for OTA/AO type A were mainly scattered around the AC and PCL insertion and the anterolateral ligament insertion (Segond fracture), with minimal involvement of the articular surface. The densest frequency of the fracture lines around the PCL insertion was 40 out of 114 ([Figures 5a to 5e](#F5){ref-type="fig"}; Supplementary Video 2). In OTA/AO type B cases, the fracture lines were mostly concentrated on the lateral and intercondylar eminence. The tibial tubercle, tibial shaft, and medial column were rarely involved, except for the anteromedial margin. The densest frequency of fracture lines located in the inner border and equator of the lateral condyle was 71 out of 376 ([Figures 5f to 5j](#F5){ref-type="fig"}; Supplementary Video 3). In OTA/AO type C cases, the fracture lines were distributed more widely and intricately, and involved the lateral, intermediate, and medial columns, as well as the tibial shaft. The densest frequency of the fracture lines located in the inner border of the lateral condyle and ACL and PCL insertion was 66 out of 276 ([Figures 5k to 5o](#F5){ref-type="fig"}; Supplementary Video 4).

![Representative views of the 3D heat mapping of fracture lines according to the Orthopaedic Trauma Association/AO Foundation (OTA/AO): a) to e) type A; f) to j) type B; and k) to o) type C. These include the axial, front, posterior, medial, and lateral views. Red colour represents higher frequency of fracture line density.](BJR-9-258-g0005){#F5}

Discussion {#s7}
==========

In the present study, we used the 3D heat mapping technique to summarize the distribution and frequency of fracture lines for a large number of TPFs.

The overall heat mapping of TPFs showed that the distribution of fracture lines was not only dependent on the injury energy or mechanism, but was also distinctly related to the anatomical features of the proximal tibial area. Hot zones were observed around the intercondylar eminence (ACL and PCL insertion), whereas cold zones were noted around the superior tibiofibular syndesmosis (insertion of the fibular head ligament), Gerdy's tubercle (insertion of the iliotibial band (ITB)), tibial tubercle (PL insertion), and posteromedial fragment (attachment of the semimembranosus tendon or posterior medial corner) ([Figure 6a](#F6){ref-type="fig"}). All the above distinctive bony areas were attached by crucial and strong ligaments or tendons. We believe that TPF fracture lines occur frequently in the transition zone with marked changes in cortical thickness. The intra-articular fracture lines were usually concentrated on the transition zone between the articular cartilage and the ligament insertion site, whereas extra-articular fracture lines were distributed in the transition zone of the metaphysis and diaphysis, similar to the fracture of the distal radii and surgical neck of the humeri. Moreover, the changes of bone microarchitecture will also affect the prone area of the fracture line.

![Comparison of multiple classifications according to the heat mapping in the axial plane. a) Axial mapping. The black arrow shows the trajectory extended from the anteromedial to the posterolateral site. b) Three-column concept and four quadrants. c) Eight segments. d) Ten segments. e) Nine segments. f) Orthopaedic Trauma Association/AO Foundation (OTA/AO) 2018 and Schatzker 2018. g)^[@b17]^ h) Axial mapping and Yao 2018.](BJR-9-258-g0006){#F6}

In the axial plane, almost all classifications based on CT simply divided the upper surface of the tibial plateau into anterior and posterior halves, but no consensus was reached about the delimitation of the segment/column. The summarizing heat map showed a frequently occurring fracture line in the cartilage-covered area in both the lateral and medial condyles. The trajectory extended from the anteromedial to the posterolateral site (anterior rim of the fibular head; [Figure 6a](#F6){ref-type="fig"}). In the three-column concept, the outer division was consistent with the trajectory, whereas the medial division (mirror image of the lateral line) was inconsistent with the heat map ([Figure 6b](#F6){ref-type="fig"}). The horizontal line established by the eight-, ten-, and nine-segment classifications was also inconsistent with the inclined fracture line trajectory ([Figures 6c to 6e](#F6){ref-type="fig"}).^[@b12]-[@b14]^ Recently, the OTA/AO 2018, Yao 2018 , and Schatzker 2018 classifications designed the virtual equator according to the fibula head and medial collateral ligament, similar to the trajectory observed in the map ([Fig. 6](#F6){ref-type="fig"}).^[@b15]-[@b17]^

The newly designated intermedial column without cartilage coverage---usually involving the tibial tubercle fragment and zone of comminution including the tibial spine---should not be ignored, given the high incidence of 74.9% (574 out of 766 knees).^[@b13],[@b21],[@b25]^ The Schatzker and Luo classifications did not emphasize the intermedial column injury.^[@b7],[@b9],[@b26]^ The OTA/AO 2018 classification recorded the isolated avulsion fracture of the tibial tubercle and tibial spine as 41A1.2 and 41A1.3 (Qualifications: o, anterior; p, posterior), which were neglected in more complex type B and C TPF cases.^[@b16]^ The nine- and ten-segment classifications only calculated the fracture frequency of the intercondylar region.^[@b13],[@b14]^ The overall heat mapping indicated a hot zone around the ACL insertion in 358 cases (46.7%) and around the PCL insertion in 399 cases (52.1%), a moderate zone in the bare area in 304 cases (39.7%), and a cold zone in the tibial tubercle in 91 cases (11.9%). This finding was consistent with the values estimated in previous reports.^[@b12],[@b13],[@b16],[@b17]^ The marked difference in these four areas ([Figure 6g](#F6){ref-type="fig"}: segments c, d, e, and f) supports the subdivision of the intermedial column in the Yao classification, which highlighted three ligament insertions crucial for knee stability and bony area indicating hyperextension TPF.^[@b17]^

In addition to the upper surface, the 3D heat mapping provided stereoscopic information about the extra-articular cortex. The surrounding maps indicated that the fracture lines generated from the lateral articular surface were obviously greater than those from the medial articular surface, consistent with previous studies.^[@b13],[@b14],[@b17],[@b22]^ In the front and posterior views, the fracture lines intricately extended along the metaphysis or diaphysis, despite having an origin at the upper surface. In the Schatzker classification, types I and II indicate the disruption of the lateral cortex, type IV describes the rupture of the medial cortex, and type V indicates bilateral condyle injury.^[@b7],[@b26]^ The OTA/AO 2018 classification added two qualifications (f, lateral; h, medial) to roughly describe cortex disruption.^[@b16]^ However, the above classifications failed to depict the two special fracture lines that extended from the lateral cartilage facet to the medial cortex (Wahlquist Type C)^[@b27]^ and from the medial cartilage facet to the lateral cortex.^[@b28]^ The Yao classification established types 3 to 6 (homolateral/diaphyseal/contralateral/bilateral), and accordingly covered all injury types of the lateral and medial column. Hence, it was more comprehensive and beneficial for the determination of plate positioning.^[@b29]^

Furthermore, the fracture lines of the OTA/AO type B cases were mostly concentrated above the lower edge of the tibial tubercle, which usually extended beyond the tibial tubercle and involved the shaft in the OTA/AO type C cases ([Figure 5](#F5){ref-type="fig"}). This finding suggests that more and longer plates should be prepared to fix type C TPFs.

The posteromedial fragment is relatively large and constant, and usually the first to be fixed as a reduction reference. Both clinical experience and biomechanical evidence support the fixation of the posteromedial fragment for inherent instability.^[@b30]-[@b32]^ Mapping showed that the angle between the main fracture line and posterior bicondylar tibial plateau fracture was approximately 15° to 20°, consistent with the best fit line in previous studies.^[@b21],[@b33]-[@b35]^ Due to the attachment of posterior medial corner structure, the fracture line was approximately 3 cm to 6 cm below the articular surface in the posteromedial view ([Figure 4b](#F4){ref-type="fig"}). Therefore, it was unnecessary to place the plates closely to the joint margin, as excessive exposure of posteromedial corner will inevitably disturb the posteromedial stability ([Figure 4c](#F4){ref-type="fig"}). When the TPFs involved the posteromedial fragment, PCL insertion, and posterolateral compression, the posterior inverted L-shaped approach was recommended for addressing these three common posterior injuries.^[@b36]-[@b38]^

Another interesting finding was the hot zone of fracture lines passing Gerdy's tubercle and the bare area/tibial tubercle in the front view ([Figures 7a to 7b](#F7){ref-type="fig"}). This high-incidence fracture line trajectory offers a ready-made intra-articular osteotomy of the lateral condyle through the anterolateral approach.^[@b39]-[@b41]^ [Figure 7](#F7){ref-type="fig"} shows that the extorsion of Gerdy's tubercle fragment with the ITB can provide a clear surgical field for reduction, instead of the extensive detachment. The maintenance of the bone-tendon interface between the ITB and Gerdy's tubercle is essential to postoperatively reducing the anterolateral instability.^[@b39],[@b42]^

![The articular surface was reduced through the fracture gap, preserving the bone-tendon interface between the iliotibial band (ITB) and Gerdy's tubercle. a) and b) The hot zone of fracture lines passing Gerdy's tubercle and the bare area/tibial tubercle. The black arrow represents the trajectory. c) Preoperative radiograph. d) and e) Preoperative CT scans. f) and g) Exposure and reduction through the fracture gap. h) The insertion of the ITB was intact after the plate placement. i) and j) Postoperative radiographs. k) and l) The illustrations display the extorsion of Gerdy's tubercle fragment with the ITB. \*The Gerdy's tubercle fragment.](BJR-9-258-g0007){#F7}

This retrospective study has certain limitations. First, patients with no or insufficient CT data were excluded. The exclusion of these patients led to statistical errors in the determination of the incidence rate, especially in OTA/AO type A fractures recognizable in radiograph. Second, due to the virtual reduction procedure, existing mapping technique can only show the distribution of the fracture line on the tibial surface, rather than the displacement and compression of the fragments. More innovative and injury mechanism-based imaging techniques are needed to implement relevant research.^[@b43]^ Lastly, the influence of the mapping on the fixation scheme and clinical outcome required further discussion.

In conclusion, TPFs occurred more frequently in the lateral and intermedial column than in the medial column. Fracture lines of the tibial plateau occur frequently in the transition zone with marked changes in cortical thickness. According to the 3D heat mapping, the four-column and nine-segment classification had a high degree of matching as compared to the frequently used classifications.
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